Longitudinal strain determined by speckle tracking is a sensitive parameter to detect systolic left ventricular dysfunction. In this study, we assessed regional and global longitudinal strain values in long-term heart transplants and compared deformation indices with ejection fraction as determined by transthoracic echocardiography (TTE) and multislice computed tomographic coronary angiography (MSCTA).
Introduction
Heart transplant recipients are at increased risk for the development of myocardial dysfunction due to chronic immunosuppressive therapy, cellular rejection, and allograft vasculopathy. Thus, the identification of early left ventricular dysfunction in such patients has important therapeutic and prognostic implications. Besides echocardiography, imaging modalities such as multislice computed tomography or left heart ventricular angiography/coronary angiography are used for the assessment of the left ventricular ejection fraction (LVEF%) and the exclusion of significant coronary artery vasculopathy. 1 -4 Nevertheless these methods involve high costs, significant radiation exposure and are not free of risks. Furthermore, these examinations might be insensitive to subtle abnormalities. Two-dimensional (2D) speckle-tracking echocardiography (STE) permits reliable and comprehensive assessment of myocardial function. 5 -8 2D-longitudinal strain and strain rate analyses myocardial deformation by tracking speckles ('natural acoustic markers') throughout the cardiac cycle. Myocardial deformation is best described using peak systolic strain (which reflects the peak value of systolic myocardial fibre shortening as a percent value). Several trials have proved that strain values correlate well with the extent of left ventricular dysfunction. 9, 10 It has also been shown that strain imaging can detect reduced myocardial function before any measurable changes in 2D or Doppler echo parameters. 11 -14 In particular, longitudinal deformation parameter which describe the motions from the base to the apex of the myocardium is a marker of early left ventricular dysfunction. 15 -18 Because of the high sensitivity of this method for the detection of myocardial dysfunction STE could also be valuable in the detection of early changes in cardiac graft dysfunction. However, since transplanted hearts are different than normal hearts (denervation, immunosuppression, diastolic dysfunction, ischaemic time before transplantation, etc.) it may be assumed that heart transplant patients display altered regional and global strain in comparison to control subjects. 'Normal' STE strain derived values for 'young' heart transplant patients (1 year after transplantation) have so far only been described by Saleh et al. 19 In this prospective study, we evaluated the feasibility of STE in long-term heart transplant patients, determined if transplant recipients display altered contractile function (regional and global) and compared deformation indices with ejection fraction as determined by transthoracic echocardiography (TTE) and multislice computed tomographic coronary angiography (MSCTA).
Methods
In this prospective study, we enrolled 35 consecutive long-term heart transplant patients (10.6 years post-transplantation) who were scheduled for both routine MSCTA as well as routine TTE at the Medical University of Vienna. Exclusion criteria for MSCTA were advanced renal insufficiency (serum creatinine levels .2.0 mg/dL), known allergy against contrast media, thyroid disorders and acute coronary syndrome. Forty-two asymptomatic age-matched healthy subjects with a normal MSCTA served as controls. Clinical, echocardiographic, and MSCTA parameters were collected for the transplant patient cohort and control subjects. The study protocol was approved by the institutional review board and all patients gave written informed consent.
Standard transthoracic echocardiography
Patients underwent a conventional TTE (Vivid 7, General Electric Inc) with acquisition of apical four-, three-and two-chamber views using the highest possible frame rates (between 55 and 90 frames/s). Three heart cycles were stored in a cineloop format and exported to an external workstation for post-processing. Automated tracking of myocardial deformation was performed offline using the Echo Pac system (General Electric Inc.) for determination of longitudinal systolic strain, as described previously. 7 To do this, the left ventricle was divided into 16 segments 20 and peak longitudinal strain was assessed for each segment using apical views. Ejection fraction was calculated with the biplane Simpsons method from apical four-and two-chamber views.
Multislice computed tomographic coronary angiography
Examinations were performed using a dual-source scanner (Somatom Definition, Siemens Healthcare, Forchheim, Germany) with slice collimation of 64 × 0.6 mm, rotation time of 330 ms, tube voltage of 120 kV, and tube current 330 mAs. Dose modulation was performed in all patients with application of full tube current from 35 to 70% of the RR-interval. Tube output was reduced to 20% outside this window. Automated contrast injection was executed with a programmable power injector into an antecubital vein. Images were interpreted using axial data sets on a per patient basis for significant coronary artery disease (CAD). This was performed by visual estimation and graded as normal, non-significantly diseased (diameter stenosis ,50%), or significantly stenosed (.50% diameter reduction). Segments which could not be evaluated with MSCTA were regarded as significantly stenosed. This was done in order to definitely exclude these segments and thus rule out significant CAD. For LVEF% analysis MSCTA raw data sets were reconstructed in 10% steps throughout the entire cardiac cycle. End-diastolic and endsystolic phases were determined. Images were transferred to an external workstation and LVEF% was calculated using dedicated software (Circulation, Leonardo Workstation, Siemens Healthcare).
Statistics
Data were expressed as frequencies or percentages for discrete variables and means + standard deviation for continuous variables. Comparisons between groups were made using the x 2 test for categorical variables and the Student t-test for continuous variables.
Statistical analysis was performed with statistics software JMP, SAS Institute Inc., Cary, NC, USA. Statistical significance was considered if P ≤ 0.05.
Results

Clinical data
Overall we screened 35 consecutive heart transplant patients who were scheduled for both MSCTA and TTE at our institution. Of these 35 patients, four had to be excluded due to poor echocardiographic image quality. There were no significant differences between the remaining 31 heart transplant patients [28 
Strain analysis
Strain analysis was performed in 1168 segments [496 segments in transplant patients (42.5%), 672 segments in control subjects (57.7%)]. Automated tracking of myocardial deformation for determination of longitudinal systolic strain was not possible in 109 (9.3%) segments (5.3% in the transplant group vs. 13.1% in the control group, P , 0.01). Manual correction of contours was performed in all these segments. The percentage of individual segments in which automated tracking of the contours was possible without the need of manual correction is listed in Table 1 . Significant difference between the two groups was found in the basal inferior wall (P ¼ 0.01) and basal anterior wall segments (P ¼ 0.04). Borderline significant difference between the two groups was found for the basal lateral segments (P ¼ 0.06). In these basal segments, automated tracking was more efficient in the heart transplant patients than in the control subjects. In the total patient cohort, the basal posterior segments most frequently required manual correction of contours (23.2%), followed by basal lateral segments (21.1%) and basal anterior segments (17.9%). Global longitudinal peak systolic strain (GLPSS) was significantly lower in transplant recipients than in the healthy population (213.9 + 4.2 vs. 217.4 + 5.8%, respectively, P , 0.01), also after exclusion of the nine transplant patients with CAD (214.1 + 4.4 vs. 217.4 + 5.8%, respectively, P ¼ 0.03; Figure 1 ). GLPSS in these nine patients with CAD was 213.4 + 4.0%. Segment-based differences are listed in The table shows the percentage of segments in which automated tracking of the contours was possible without the need of manual correction. Figure 1 Total heart transplant (HTX) cohort and heart transplant patients without significant coronary artery disease (CAD) vs. control group: (A) Simpsons and multislice computed tomographic coronary angiography-derived ejection fraction (EF%), (B) global longitudinal peak systolic strain (GLPSS%).
group as well as in the healthy population strain was lower in the basal segments opposed to the apical segments in the anterior, anterior septal, lateral, inferoseptal and posterior walls (Figures 2  and 3 ). Gender did not influence GLPSS. This was true both for transplant recipients and patients in the control group (transplant group: 213.9 + 4.1% in males vs. 213.9 + 5.4% in females; control group: 217.1 + 3.7 vs. -17.5 + 6.8%, respectively).
Ejection fraction
Echocardiographic LVEF% was 60.2 + 6.7% in transplant recipients vs. 63.0 + 6.2% in the healthy population (P ¼ ns). LVEF% as measured by MSCTA was 60.7 + 10.1 vs. 64.7 + 6.4%, respectively (P ¼ ns). There was no significant difference between the echocardiographic LVEF% and MSCTA LVEF% in either group. Echocardiographic LVEF% in transplant patients without CAD was 62.2 + 6.4 vs. 63.8 + 7.7% as assessed by MSCT (P ¼ ns). Here again we found no significant difference regarding echocardiographic-based LVEF% or MSCTA-based LVEF% between the transplant patients without CAD and the control cohort ( Figure 1 ).
Discussion
Precise assessment of left ventricular function is essential for the management of heart transplant patients. The most applied method for the calculation of global function is the biplane Simpson's method, which is based on endocardial border delineation and is thus limited by substantial observer variability. In contrast, STE is performed using a semiautomated algorithm with minimal user interference. It is based on real time tracking of natural acoustic markers throughout the cardiac cycle and allows calculation of deformation parameters such as myocardial strain. STE is accurate and reproducible and reflects regional and global contractility. It is well established that STE-derived strain (especially the longitudinal component) is able to detect sub-clinical myocardial dysfunction and is more sensitive than conventional 2D echocardiography. 21 This has been shown for a wide spectrum of different forms of heart disease such as hypertrophic cardiomyopathy 22 pulmonary hypertension, 23, 24 CAD, 16, 18 and also in patients with various forms of restrictive cardiomyopathies.
11,13
Our study shows that STE is feasible and practical in long-term heart transplant subjects to assess both global as well as regional deformation parameters. One thousand and fifty-nine (90.7%) of the 1168 segments were tracked adequately by the software without the need of manual contour correction. Interestingly transplant patients needed significantly less manual correction than the control subjects, especially in the basal anterior and the basal inferior segments. Possibly this is related to the presence of lateral malposition of the heart which is often found in transplant patients. Overall we experienced that a complete speckletracking analysis can be performed in most patients with heart transplantation.
It is apparent that normal values of 2D strain described in healthy patients cannot be applied to transplant recipients. So far, STE-derived allograft deformation indexes were only described in a very recent publication by Saleh et al. 19 In their study they defined 'normal' global strain values for 'young' heart transplant patients (1 year after transplantation). In our study, we investigated both STE-derived global as well as regional strain in long-term heart transplant recipients and compared the global longitudinal Total heart transplant cohort and heart transplant patients without significant coronary artery disease vs. control group. CAD, coronary artery disease.
strain values with ejection fraction assessed by MSCTA and the Simpsons method. Even though the two cohorts (heart transplant patients and control group) did not differ with respect to their ejection fraction, patients following heart transplantation had significantly lower GLPSS values. The reduction in GLPSS was not related to 'large vessel CAD'. Our findings demonstrate that even though 'healthy' transplant recipients without CAD exhibit normal global systolic function as assessed by conventional methods, deformation indices are altered when compared with control subjects. Thus, strain analysis in heart transplant patients seems to be more sensitive than assessment of ejection fraction for the detection of systolic dysfunction. However, it remains unclear if the reduced GLPSS reflects 'normal' values of the transplanted hearts, or if it already displays subtle abnormalities of the graft contractile function due to left ventricular remodelling, transplant rejection, graft sclerosis, or other factors. On the other hand, interestingly, GLPSS values described by Saleh et al. 1 year after transplantation is very similar to our GLPSS values 10 years after transplantation (213.4 vs. 213.9, respectively; GLPSS in control subjects: 217.3 vs. 17.4, respectively). Similar to our study, LVEF% was also normal in their transplant patient cohort despite reduced deformation parameters. Thus, these reduced parameters may be interpreted as 'normal' strain values in 'young' and 'healthy' transplant patients. Apparently, as verified by our study, deformation values remain constant over the years as long as the LVEF% is preserved. Hence, assessment of such 'normal' strain values in all transplant recipients at an early stage is important so that these values can later be used as reference parameters for future post-transplant complications. Doppler-derived methods for strain assessment in heart transplant patients have previously been described by other authors. 25 -27 Marciniak et al. 26 found that patients with rejection Figure 2 Heart transplant patients without significant coronary artery disease vs. control group: global longitudinal peak systolic strain (%) on basal, mid, and apical levels at the (A) anterior, (B) anterior septal, (C) inferior, and (D) lateral walls and on basal and mid levels at the (E) inferiorseptal and (F ) posterior walls.
grade ≥ IB showed a significant reduction in longitudinal peak systolic strain in comparison to patients with no rejection or rejection grade IA. They concluded that myocardial deformation imaging could be of clinical value in monitoring and diagnosing acute rejection in heart transplant recipients. Eroglu et al. 25 defined 'normal' regional and global strain values in this patient cohort with Doppler Myocardial Imaging. Similar to our study, they also found that longitudinal strain values are lower in the septal segments in the transplant patients. However, in contrast to our study, other segments showed no difference between the transplant and the control group. In our study, strain was lower in all segments in the transplant recipients in comparison to the control group (with significant difference in 9 of the 16 segments), also after exclusion of the transplant patients with CAD. Furthermore, we observed a gradient from base to apex with respect to longitudinal strain (in the transplant group as well as in the control subjects), a phenomena which has previously been described for normal subjects by several authors. 5, 28 Thus, even though there is some degree of discrepancy with respect to the normal values for individual segments among the published studies it is clear that the regional deformation pattern in heart transplant patients is also disturbed.
In conclusion, this study demonstrates that a STE-derived analysis of global and regional strain is feasible in long-term heart transplant patients. Allograft longitudinal deformation parameters are lower in 'healthy' transplant patients without CAD compared with controls, even though ejection fraction is normal. This suggests that strain analysis in heart transplant patients is more sensitive than assessment of ejection fraction for the detection of abnormalities of systolic function. Strain values as defined in our study for long-term 'healthy' transplants with an average 'transplant age' of 10.6 years are very similar to those described in a recent publication 19 at 1 year after transplantation. Thus, serial analysis of strain after transplantation may allow early detection of changes in cardiac graft function due to immunosuppressive therapy, transplant rejection, graft sclerosis, or other factors.
Limitations
Image quality is an important issue for the determination of strain values. All together in 9.3% of all segments the contours had to be corrected manually as automated tracking was not possible in these patients. Especially large ventricles may cause problems due to the difficulty of imaging the entire myocardium. In our analysis MSCTA was used to rule out significant coronary vasculopathy. Although this is a widely used technique 29 coronary angiography 30 with intravascular ultrasound 31 is the gold standard in assessing post-transplant CAD. However, recent studies showed that MSCTA permits the investigation of transplant recipients concerning the presence of allograft vasculopathy with good image quality and high diagnostic accuracy. 1 Chronic ischaemic tissue shows a reduction and delay of peak systolic strain with only mild post-systolic thickening. 18, 32 Thus, STE can possibly be used to screen patients with significant CAD. However, our study population with only nine transplant patients with significant CAD was too small to identify allograft vasculopathy using deformation indices. It is unclear how the time from transplantation influences STEderived strain values. In this study, the average time interval between transplantation and STE was more than 10 years. Our sample size was too small to detect significant differences with respect to the 'age' of the hearts after transplantation. However, recent published data 1 year after transplantation 19 reveal very similar GLPSS values to those of our study.
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